, 80 x 80 µ 2, and 50 X 50 µ 2 squares within the imaged region. Image-to-image square localization was determined by the graders using a reference fundus photograph because the camera lacks tracking software. Inter-grader and intra-grader reliabilities were determined using the highest quality images. Intra-grader agreement was evaluated by comparing identical frames measured on two separate occasions by the same grader. Inter-session repeatability was assessed by five separate instances of the photographer focusing the camera onto the same region. To determine interphotographer reproducibility, each patient was imaged by at least two photographers. Statistical analyses were performed by calculating intraclass correlation coefficients (ICC) with Stata (College Station, Texas). Results: Cone cell density measurements were most consistent with the 150 x 150 µ 2 squares. Intra-grader and inter-grader ICCs were 0.99 [95% confidence interval (CI) = 0.997 -0.999] and 0.98 (95% CI = 0.975 -0.989), respectively. Inter-session repeatability had an ICC = 0.72 (95% CI = 0.423 -0.909). Inter-photographer reproducibility had an ICC = 0.72 (95% CI = 0.461 -0.866). One common reason for discordance in cone density measurements between images taken by different photographers was variability in cone imaging quality. Image quality also affected the inter-session repeatability.
Conclusions:
In a simulated real-life clinical setting, AOSLO had excellent inter-grader and intra-grader reliability for healthy eyes. Inter-session and inter-photographer reliabilities were not as good but still strong. Variations in image quality strongly impacted cone analysis reliability. Commercial Relationships: Samaneh Davoudi, None; Ines Lains; Ramak Roohipoor, None; Damla Duriye, None; Cagla Yasa, None; Evangelia Papavasileiou, None; Jason Comander, None; Lucia Sobrin, None 2 Department of Ophthalmology, The Jikei University School of Medicine, Tokyo, Japan;
3 Ophthalmology department, Nippon Medical School, Tokyo, Japan. Purpose: To evaluate two different strategies for defining sampling regions for analyzing the cone mosaic in images acquired with an adaptive optics (AO) camera in healthy and pathological eyes. Methods: Thirty-four healthy subjects (27males and 7 females) and 2 patients with central areolar choroidal dystrophy (CACD) were examined. High resolution retinal images were acquired using AO camera (rtx1, Imagine eyes, Orsay, France), at eccentricities ranging from 0 to 8 degrees temporal. The AO images from each retina were stitched together using automated mosaic were then defined using two different protocols (modified methods reported by S.Feng et al. IOVS2015). The first method consisted in defining evenly distributed sampling windows along the central horizontal meridian, with a window size of 50x50 micron and a spacing of 1 degree (fixedinterval method). The second method was to select the 50x50 micron windows where cone density was maximal in the near vicinity of each fixed-interval windows (peak density method). Automated cone counting software (AO detect, Imagine eyes) was used to compute the detect cone positions in each sampling window. The results were manually corrected by three investigators. The results obtained from healthy subjects were compared with histological data (Curcio et al 1990) and a previous report. Both methods were also used to compare the cone densities of CACD patients with healthy control data. Results: The mean age of subjects was 37 years (range24-55). The results obtained with the peak density method showed the best match with histological data. At eccentricities of less than 2 degrees, both methods underestimated cone density compared with histological data. Cone density in one of the CACD patient was found to be lower than density in control group at eccentricities from 1 to 6 degree horizontal. The other CACD patient showed differences of cone densities of more than 1 standard division at 3 to 4 degrees in comparison with control. Conclusions: The peak density method provided the best agreement between clinical cone density results and histological data. The fixedinterval method was more affected by artifacts due to the shadowing effect of retinal vessels. As different sampling strategies can lead to significantly different density results, it is important to use a precisely defined sampling method when assessing the cone mosaic. Commercial Relationships: Kiyoko Gocho; Keiichiro Akeo, None; Naoko Ito, None; Takaaki Hayashi, None; Daiki Kubota, None; Shuhei Kameya, None; Kunihiko Yamaki, None; Hiroshi Takahashi, None hypothesis that these bands correspond to distal portions of the cone and the rod outer segments, labeled as dCOS and dROS respectively. Methods: The AO-OCT-SLO was used to image 2 human control subjects at 6°, 12°, and 18° in the temporal retina (TR). The OCT and AO systems use the same 860 nm SLD light source while the SLO uses a 680 nm imaging wavelength. The field of view for both modalities was 1.0° x 1.4°; with B-scans and SLO frames being acquired simultaneously at 60 Hz through a 7.15 mm exit pupil. Approximately 300-400 SLO frames and B-scans were acquired at each retinal location. The individual SLO and OCT images were postprocessed to remove eye motion and averaged to increase the signal to noise ratio. Photoreceptors in the SLO images were used to help interpret the corresponding OCT B-scan structure. The photoreceptor layers in the B-scans were classified as either corresponding to a cone or a surrounding feature. Mean axial intensity plots were generated for both cell types, and analyzed. Results: Averaging over both subjects, at 6°, 12°, and 18° TR the mean cone inner segment (IS) lengths were 29.6 ± 0.1 µm, 25.9 ± 0.1 µm, and 24.3 ± 0.7 µm, and the cone outer segment (OS) lengths were 25.3 ± 0.8 µm, 22.0 ± 0.2 µm, and 19.9 ± 0.2 µm, respectively. The cone OS lengths showed greater variability than the IS lengths, and increased at higher eccentricities. Average OS length standard deviation was 2.3 ± 0.5 µm, 3.3 ± 0.9 µm, and 3.6 ± 1.2 µm, at 6°, 12°, and 18° TR, respectively. In between the larger cones, a distinct breakup of the photoreceptor structure in the OCT B-scan was observed with a bright intensity band believed to be the dROS lying posteriorly to the dCOS. The mean distance separating these two layers was 12.8 ± 0.5 µm, 21.0 ± 0.5 µm, and 20.5 ± 4.1 µm at 6°, 12°, and 18° TR, respectively. Conclusions: Our results are consistent with our hypothesis that these layers do correspond to the dCOS and the dROS and are in agreement with histology data and other high resolution OCT reports. Further work is being performed to improve the visibility of the individual rods in the B-scans. Purpose: To demonstrate the use of indocyanine green (ICG) in combination with adaptive optics (AO) in human subjects (AO-ICG) and to evaluate the uptake of ICG into retinal pigment epithelial (RPE) cells in the late phase. Methods: An adaptive optics scanning light ophthalmoscope (AOSLO) was custom-outfitted with multimodal imaging capabilities which enabled the simultaneous collection of four different types of AOSLO images from a single 790 nm light source: confocal reflectance, split detection, dark field, and ICG fluorescence (810-840 nm detection using less than 100 µW of excitation light measured at the cornea). Multimodal AOSLO images of the inner retinal capillaries, photoreceptors, and RPE cells were acquired in six eyes of three human subjects with no history of ocular or systemic diseases. Image sequences were acquired at various time points before, during, and after the injection of ICG. In addition, histological studies in mice were carried out to confirm the specific localization of ICG to RPE cells in the late phase of ICG. Results: Prior to the injection of ICG dye, no detectable AO-ICG fluorescence signal could be observed. Immediately after injection, detailed images of the vasculature could be seen, confirming both entry of ICG dye into the circulation, as well as successful detection of ICG fluorescence. Two hours post injection, a non-uniform AO-ICG signal was observed in the outer retina, despite the fact that no AO-ICG signal could be detected at the time in the retinal vasculature. The recorded patterns showed good correspondence to RPE cells which were simultaneously imaged using AO dark field. Interestingly, there was a marked heterogeneity in the fluorescence of individual RPE cells. Confirmatory histological studies in mice corroborated the specific uptake of ICG by the RPE layer at a late time point after systemic ICG injection. Conclusions: We demonstrate for the first time fluorescence imaging of ICG dye using the AOSLO in human subjects. The capability to simultaneously acquire four different adaptive optics modalities, namely, confocal reflectance, split detection, dark field, and ICG, significantly broadens the potential application of AOSLO for understanding disease. We also demonstrate a novel method for visualizing individual RPE cells in the living human eye, opening up new opportunities for evaluating the health and status of these cells in disease. Psychology, University of Pennsylvania, Philadelphia, PA. Purpose: Adaptive optics (AO) scanning laser ophthalmoscopy offers high resolution in-vivo imaging and analysis of microscopic structures in the retina. A single AO image subtends a small fraction of the total retina; thus, examining a large retinal area requires the creation of a montage consisting of multiple images. These montages are often constructed manually, and can pose a bottleneck in large studies. Here, we propose an automated approach for AO montaging that extends an extant algorithm (Li et al., 2012, Opt. Eng.) by using multi-modal features from simultaneously acquired confocal, splitdetection, and dark-field AO images. Methods: Algorithm steps: (1) The image closest to the fovea is selected as the initial reference. (2) Adjacent images that overlap the reference are aligned using scale-invariant features from each modality and a random sample consensus model to remove outliers. (2) and (3) for all images in the dataset. We evaluated our algorithm on 11 datasets (9 different controls eyes, 1 retinitis pigmentosa, 1 central serous choiroretinopathy) containing 47-79 AO image sets, each with a confocal, split detection, and darkfield modality. For two datasets, we compared the relative translation of adjacently aligned images against the translations in a manual montage. Results: The median translation difference between the automatic and manual montages was 6.6 pixels (3.1 microns). Over the 11 datasets, 17 of the 659 images could not be aligned to their initial montage. In such cases, the algorithm continued with a new disjoint montage. Four of these disjoints resulted from limited overlap between adjacent images. The other 13 were correctly detected as non-overlapping. There were several cases where split detection provided features that allowed alignment where the confocal modality when used alone did not. Runtime for the algorithm was considerably faster than manual montaging and required minimal operator input. Conclusions: We present an accurate and automatic AO montaging algorithm that provides a faster and less operator intensive alternative to manual image alignment. In future work, the algorithm will be optimized for speed and generalized to include longitudinal data. Purpose: Confocal adaptive optics scanning laser ophthalmoscope (AOSLO) images provide sensitive measures of cone structure, but the relationship between structural findings and visual function is unclear. We evaluated visual function in regions of apparent cone loss using fundus-referenced visual testing. Methods: Patients with foveal lesions and spectral-domain optical coherence tomography (SDOCT) images indicating focal loss of the inner segment-outer segment (IS/OS) junction band with intact overlying external limiting membranes (ELMs) were selected. We performed fundus-referenced vision tests to assess function in the region of apparent cone loss, including microperimetry with tracking SLO (TSLO), AOSLO acuity, and analysis of preferred retinal locations (PRLs). Regular-appearing retina outside of the lesion was used as internal control for TSLO microperimetry. Complete eye exam, including best-corrected visual acuity (BCVA), visual field tests, color fundus photos, and fundus auto-fluorescence were also performed. Results: Three patients, ages 27, 45 and 65 (BCVA 20/25, 20/32 and 20/40-2, respectively), had lesions at or near the fovea with SDOCT images demonstrating intact ELMs but central outer nuclear layer thinning and disrupted IS/OS junction layers, suggesting loss of cones. Despite lack of visible cone profiles in the foveal lesion, fundus-referenced vision testing demonstrated measurable visual thresholds within the lesion, and AOSLO visual acuity tests were abnormal but measurable in the 27 year old. In 2 of the patients, PRLs were within the lesion. The 27 year old had additional testing with TSLO; microperimetry threshold values were greatest at the center of the lesion compared to at the margins, which were greater than areas of normal-appearing retina at 1 degree eccentricity. Visual sensitivity outside the lesion was within normal limits. Conclusions: Three patients with foveal lesions caused by distinct maculopathies presented with apparent cone loss but preserved ELMs on OCT and measurable but reduced visual function within the lesion using fundus-referenced vision testing. These findings characterize a common structural and functional phenotype that may be discovered in other maculopathies, where fundus-referenced vision testing may indicate the presence of cones that may be amenable to recovery or response to experimental therapies despite not being directly visible on confocal or OCT images. Purpose: To achieve an optimal correction in Adaptive Optics (AO) systems, the size of the imaged region should be smaller than the isoplanatic angle (~2 deg for human eye). Most AO systems align videos after the imaging session. In patients with poor fixation, eye movement can make it difficult to align most frames of the videos. Methods: The Indiana AOSLO system images the retina using a wavelength of 820 nm capturing videos of ~2x2 degrees (100 frames, 30Hz). We designed a system to capture simultaneously images with a larger angle centered on the area imaged by the AOSLO. The system was designed in Zemax, to optically match the main system. The subsystem uses a cylindrical lens to project a 6 deg horizontal line on the retina with a wavelength of 769 nm. It was coupled to the AOSLO using a dichroic beamsplitter. Using the vertical scanner of the AOSLO, the line is moved across the retina and an image is recorded sequentially with a line scan camera (Basler Industrial Cameras, spl2048-70km). We operated the two systems simultaneously and recorded the images of a subject capturing videos (~2x2 deg) with the AOSLO of a region of the photoreceptor mosaic and, by changing the size of the deflections of the vertical scanner, videos with the subsystem over an area of 5.5x3.3 deg. To test the method, custom software was developed to process the images from the subsystem and create an averaged image that could be used as the template to which the individual frames of the small field AOSLO can be aligned. Results: In the subsystem design, a diffraction limited image quality was achieved within the imaging region (RMS wavefront errors are 0.01 λ for 0 degree and 0.1 λ for ±3 degrees). In practice the wide field image was able to image cones. The 5.5x3.3 degrees image recorded with the subsystem were aligned and the average image was used as a template to align some frames of the video captured with the AOSLO (2x2 degrees). The figure shows the averaged image used as template and some of the AOSLO video registered to the template.
Frames from different videos imaging nearby retina could be aligned to the same template. Conclusions: A line scan imaging system can be used to simultaneously capture a larger area of the retina. This image, though it has a lower resolution, can be used to improve the alignment efficiency. Purpose: A large variation in the cone directionality, or ρ, value of the Stiles-Crawford Effect of the First Kind (SCE-I) has been reported depending on the experimental parameters, measurement approaches (e.g. psychophysical vs. optical imaging), retinal location and inter-subject differences. We hypothesize that the difference is, in part, due to the wavelength and exit pupil sizes used when capturing images. Here, empirical optical measurements are compared to numerical models to investigate this hypothesis and narrow the uncertainty in the interpretation. Methods: Measurements were performed at 4 o temporal retina (TR) using an adaptive optics flood illuminated fundus camera with a moving entrance pupil across a distance of ±1.25 mm while capturing high-resolution retinal images through a dilated 6 mm pupil. Cone directionality was determined at 4 o TR on a normal human subject using 650 and 700 nm imaging light. For comparison, numerical analysis was performed on idealized 5 µm diameter cones aligned towards the pupil center with negligible disarray. The experimental situation was simulated at wavelengths 550, 600, 650 and 700 nm allowing determination of the effective ρ values.
Results:
The ρ values from the AO imaging did not vary with wavelength and corresponded well with the numerical analysis. Overall, the results were in good agreement with most ρ values reported in the literature of approximately 0.05 mm -2 . The model showed a weak wavelength dependence with smallest directionality at long wavelengths, while being also very sensitive to the exact diameter of the pupil used to capture the retinal images - Figure 1 .
For small pupils, the effective directionality was large, whereas for large pupils, the directionality was reduced. Conclusions: Our analysis shows that both wavelength and pupil size are critical parameters when analyzing the SCE-I with objective methods and that the directionality parameter found in this way is not strictly equal to the directionality determined with psychophysical methods. 1 Quinze Vingt Hospital, Paris, France; 2 PARIS group, PARIS, France. Purpose: We investigate the potential of high-speed (>100Hz) wide field of view (>3°) retinal imaging with a high performance adaptive optics platform. Methods: PARIS (Paris Adaptive-optics Retinal Imaging & Surgery) group gathers physicians and physicists around an experimental adaptive optics (AO) platform, located inside QuinzeVingt Ophtalmology hospital, with a direct access to patients. The AO platform consists in a custom made AO flood illumination ophtalmoscope, featuring a fast AO loop (faster than 60Hz), an 88 actuator deformable mirror (ALPAO) and a high speed SCMOS camera (Hammamatsu Orca Flash4-V2). It provides retinal video stacks acquired at more than 100Hz on 3° field of view with an 860nm SLD source (OMICRON). Design was based on an original aberrometry campaign on 69 normal eyes from which an error budget analysis was made. In particular, the opportunity of stabilizing the pupil is discussed. Results: Continuous frame rates of up to 100 Hz were achieved for imaging 3 deg retinal patches. The adaptive optics software (custom made LabView+IDL) made possible to image subjects without dilation or cycloplegia, revealing for instance blood flow in capillaries. Conclusions: We demonstrated on several subjects high-speed (>100Hz) wide field of view (>3°) retinal imaging without dilation or cycloplegia. This high performance AO-platform will soon host innovative imaging instruments (starting in Spring 2016). allows an in vivo assay of the arrangement of the photoreceptor mosaic. Recent advances in AOSLO imaging technology have enabled the visualization of the rod outer segments (OS), as well as the cone inner segments (IS). Understanding the reliability of these measurements is essential to quantifying longitudinal photoreceptor change. Here we examine the inter-observer reliability of identifying cone IS and cone OS in the presence of rod OS. Methods: Five subjects (9 eyes) with no known pathology were imaged along the horizontal and vertical meridians using a custom AOSLO with both confocal and split detection modalities to visualize the cone and rod OS reflectance and cone IS mosaics, respectively. AOSLO images were semi-automatically montaged using a custom MATLAB algorithm. Regions of interest (ROIs) were selected from the confocal montage at 190 μm, and from both split detection and confocal montages at 900 and 1800 μm from the fovea. Due to fixational error, one subject's montage did not extend to 1800 μm in one meridian, resulting in a total of 178 ROIs. Four observers, ranging from completely naïve to expert, manually identified cone OS and IS using custom software. Cone density was extracted from each ROI, and intraclass correlation coefficients with 95% confidence interval (CI) were calculated to assess the inter-observer agreement. Results: Inter-observer agreement was high in cone-only images (OS 190μm: 0.848 
Conclusions:
Inter-observer measurements of cone density, including those of expert observers, are more reliable in the absence of rod OS. This study underscores the need for additional reliability studies in eyes containing pathology where image quality can be substantially worse. Moreover, it is essential that observers are trained on cone selection, particularly when identifying photoreceptor OS in confocal AOSLO images. , 3D imaging of the rods is of interest because little is known about their contribution to the OCT B-scan, despite rods outnumbering cones by a factor of 10. Rods are known to be lost in the aging retina and AMD, and this loss may be better understood with the ability to examine their 3D morphology. Here we use AO-OCT to investigate rods in 3D, in particular the axial locus of the rod inner/outer segment junction (RIS/ROS). Methods: Volumetric AO-OCT images subtending 1 deg were acquired from three healthy subjects, at eccentricities between 4 and 8 deg, where cone and rod outer segment tips (COST and ROST, respectively) are axially removed. Focus of the AO system was set by the en face visibility of the cone IS/OS mosaic. The AO correction provided diffraction-limited imaging, sufficient for resolving the complete cone mosaic at all eccentricities. Layers containing the cone IS/OS, COST, and ROST were automatically identified and segmented. Radially averaged power spectra and transverse correlation with ROST were computed at all depths in the volume. Results: In all subjects, en face views of cone IS/OS and COST showed patterns of reflectance consistent with the cone mosaic. En face views of ROST showed dark regions transversely co-located with cones, surrounded by brighter objects that may be individual rod outer segment tips. Radially averaged power spectra of IS/OS, COST, and ROST revealed peaks consistent with known spacings. Correlation of ROST with other layers revealed a significant peak between 5 and 10 μm distal to the cone IS/OS. In spite of this high correlation, a ROST-like mosaic was not visually apparent.
The observed correlation suggests that RIS/ROS is distally displaced from the cone IS/OS. This hypothesis is consistent with post-mortem light microscopy 2 but inconsistent with the proximally-shifted focus required to visualize rods with AO-SLO
.
The low reflectivity of RIS/ROS suggests that its optical properties are different from the cone IS/OS, and that 2D AO images of rods may be dominated by photons reflected by ROST.
performed on model eyes. We show how ocular aberrations can be determined in cases where data from the entire Hartmann Shack sensor is not available for analysis. Methods: To understand the effects of missing spots, LOCSIII level 1 and 2 criteria were used to design simulate the cortical and posterior subcapsular cataract. We mask certain parts of the sensor by simulating the cataracts on a zero diopter power trial lens, which was mounted in-front of a model eye. We then applied the HSMS software to estimate the Zernike coefficients of each model. Least Squares fit was used to examine the lower and higher order ocular aberrations. Here we report the number of spots that could be absent from the models without hampering the average spherical defocus over a period of 1000 trial runs. A maximum error of 0.25 D on spherical defocus was used as the criterion for the percentage of spots that could be successfully deleted. Results: Up to a total of 50 % of the SH lenslets could be deleted limitwith the spherical defocus falling within the specified criterion, similar to the findings with the 'ideal' model eye. The mean spherical defocus error gradually increases as the percentage of HS spots decreases.
Conclusions:
The method of procuring the HS images has a number of hurdles including but not limited to the number of the HS spots across the pupil, quality of the eye undergoing experiment, the number of lensletarrays and the alignment and calibration errors. Understanding the effects of missing HS spots and finding their possible solutions is extremely important. By expanding our measurement to simulations of human diseased eyes and different levels of disease, we can have a better understanding of the behaviour of ocular aberration when data from the entire HS sensor lenslets are not available. This analysis can also help reduce the cost of HS sensors by design of sensors with fewer lenslets. Purpose: Photoreceptors are endowed with directional properties and the common consensus is that cones and rods are biological waveguides that direct light to the outer segments whereby the degradation caused by intraocular scattering is dampened. The purpose of this study is to analyze the role of photoreceptor inner and outer segment length for efficient forward propagation of light and thus to establish minimum requirements on photoreceptor length for efficient waveguiding to be established. Methods: A numerical analysis of forward light propagation across an ideal elongated cylindrical waveguide having parameters similar to those of individual cones and rods in the human retina (inner and outer segment lengths both analyzed in the range of 20 -40 μm) is performed with a finite-element method that predicts the electromagnetic propagation of light across the photoreceptor model (Comsol TM ). The model includes both guided and radiative modes represented by the light concentrated predominantly within and outside of the waveguide, respectively. This model expands on the layered outer-segment model recently presented by one of the authors (Vohnsen, Biomed. Opt. Express 5, 2014) . Results: The model excludes any irregularities by assuming a perfect cylindrical cell body and thus it is at best representative of the average geometry. Retinal photoreceptors show more variability that will cause increased leakage by scattering of light. It is found that effective waveguiding requires a length one-order-of-magnitude above the waveguide diameter in order to effectively decouple the radiative modes. For on axis incidence about 20% of the light is represented by radiative modes and for oblique incidence of light this fraction increases. Thus the elongated structure of the photoreceptors is not sufficiently long to guarantee that only light coupled to guided modes will contribute to vision under normal illumination conditions. Conclusions: The guided modes are caused by multiple reflections of light along the waveguide body where for natural pupil sizes only one or two reflections are likely to occur before the light reaches the end of the cell. This prevents effective coupling of light to guided modes. A large fraction of the incident light will not be well confined along the cell body but leak into the intracellular matrix and neighboring photoreceptors. This needs to be taken into account in more refined optical models of the retina. Purpose: To demonstrate the usability and value of a simple technique for obtaining high-quality, high-resolution true color ultrawide-field images of the retina, by combining 80° fundus images acquired with a slit-scan ophthalmoscope. Methods: Two 80° fundus images were acquired without mydriasis, using a custom prototype slit-scan ophthalmoscope fundus imaging system (ZEISS, Germany). The overlap between images was approximately 40° centered on the foveal region. The size and location of the overlap were controlled using a fixation target. Imaging conditions included several aspects that commonly degrade ultra-wide-field fundus images, including small pupils and scattering from the anterior segment. Retinal montages were constructed using an intelligent, semi-automated image stitching and blending algorithm. Results: Fundus montages spanning approximately 120° in width are presented for subjects with healthy retinas ( Figure 1A ). Measurements on a graded test eye are also shown, demonstrating the consistency of image quality across the full field of view ( Figure  1B ). Acquisition speed for subjects without mydriasis is limited by pupil recovery time after the flash, but is generally under two minutes given the small pupil capability of a slit-scan ophthalmoscope. Conclusions: The simple montaging technique using slit-scan ophthalmoscope images allows for ultra-wide-field retinal acquisitions, while circumventing problems of heavy distortion and vignetting that are commonly associated with direct ultra-widefield fundus imaging techniques. In capturing a large proportion of the retinal area with consistently high image quality, this approach may prove beneficial to clinicians, particularly in the diagnosis and monitoring of diabetic retinopathy and other ischemic conditions of the retina. 
